As a low dimensional material, black phosphorus (BP) continues to attract much attention from researchers due to its excellent electric properties. In particular, the one-dimensional material, in the form of a ring or tube formed from BP, has been extensively studied and found to be a perfect semiconductor. But the BP ring has never been reported in laboratories. To form an ideal ring from a rectangular BP ribbon, we choose a carbon nanotube (CNT) bundle to attract the ribbon and move one or more CNTs in the bundle to induce the unsaturated ends of the BP ribbon to become covalently bonded. Numerical experiments are applied to BP ribbons with lengths either equal to, shorter, or longer than the perimeter of the CNT bundle, to investigate the formation of a BP ring. Experiments show that if one end of the BP ribbon is attracted by a CNT, moving the other CNTs away endows the ribbon with high probability of forming an ideal ring. The conclusions drawn from these results will benefit future in situ experiments involving forming a ring from a BP ribbon.
Introduction
Phosphorus has many allotropes, among which black phosphorus (BP) behaves as an important van der Waals (vdW) semiconductor. Studies have shown that few-layered BP has a finite and direct band gap [1] , high free carrier mobility at room temperature [2] , and anisotropic electric conductance [3] . Due to its excellent electric properties, BP has wide potential applications in transistors, logic, and optoelectronic devices.
Lower dimensional materials with special quantum mechanics properties are essential in nano-electro-mechanical systems. It is well known that carbon also has many allotropes with different dimensional configurations, e.g., fullerene in 0D [4] , the carbon nanotube (CNT) in 1D [5, 6] , graphene in 2D [7] , and diamond in 3D. Sometimes a CNT can be considered as a nanostructure fabricated from a tailored graphene along a specific direction [8, 9] . Both multi-layered graphene and multi-walled CNTs have two merits: strong inplane/shell bonds and weak inter-layer/shell interaction [10] [11] [12] . These properties are attributed to the layout of covalent electrons (i.e., 2sp
2 ) in a carbon atom. Correspondingly, each phosphorus atom in BP is covalently bonded (3sp 3 ) with three neighboring atoms. Hence, both the stiffness and the strength of BP [13, 14] are far lower than those of graphene. This layout of the covalent electrons also makes the electric properties of BP outstanding.
It is important for a component in a nanodevice to be stable in extreme working conditions. However, experiments have shown that BP is unstable in air or water environments [15] [16] [17] [18] [19] . When exposed to air, the phosphorus atoms in BP react quickly with O 2 and/or H 2 O. The BP-based component therefore fails due to degradation of the BP. To bypass this problem, many surface passivation techniques have been proposed to protect BP from corrosion [16, [20] [21] [22] . Yet the duration of protection of BP needs to be enhanced when it is used in nanodevices. Since the end atoms of BP show higher chemical activity than the inner atoms, reducing the number of end atoms in BP can be a feasible way to improve the duration of its protection. One approach to reducing the number of end atoms is to covalently bond two ends of BP to form a nanotube or nanoring (larger perimeter) from a BP nanoribbon, but the layout of covalent bonds makes it difficult for BP to form a shelled 1D material, e.g., a nanotube or nanoring, by chemosynthesis method. To the authors' knowledge, there is no report of BP rings even in a laboratory, although BP nanotubes have attracted much attention recently [23] [24] [25] [26] . It should also be mentioned that the nanoring has a wide application in practical engineering applications such as photodetectors [27] , waveguide pairs [28] , biosensors [29] , energy harvesting [30] , and catalysis [31] . Hence, exploration of 1D phosphorus material fabrication from a BP ribbon is worthwhile.
There are several well-documented methods for the fabrication of nanorings. Lu et al [32] synthesized a hexabenzocoronenecontaining cycloparaphenylene carbon nanoring using metalmediated cross-coupling reactions. Halpern et al [33] presented a nanoring array fabrication method by combining the process of lithographically patterned nanoscale electrodeposition with colloidal lithography. Hobbs et al [34] fabricated ordered arrays of Au, Ni, and Si nanorings using Ar + sputter redeposition of material in a porous alumina mask. Cui et al [35] presented a method for fabricating metal nanoring arrays by means of nanoimprint lithography, physical vapor deposition, and dry and wet etching. Chien and Wu [36] reported a method for fabricating size-tunable hierarchical porous Cr nanoring arrays using modified nanosphere lithography-based technology. However, these existing methods seem unsuitable or inefficient for fabricating BP nanotubes or rings. That is the motivation for developing an efficient method for fabricating ideal BP rings. It is noted from our previous study that a nanotube from a BP ribbon can be fabricated on a CNT by self-assembly [26, 37] . The success of this fabrication is attributed to the following reasons. First, the attraction between the BP ribbon and the CNT is strong enough to bend the BP ribbon along the armchair direction, which is the major power to drive the self-assembling process. Second, bending a BP ribbon along the armchair direction is much easier than along the zigzag direction. The bending leads the ends along the zigzag direction to remain parallel when the ribbon is attracted onto a CNT. Third, the BP ribbon can sustain a large curvature along the armchair direction [24, 38, 39] . Finally, the vdW interaction between non-bonding phosphorus atoms is far greater than that between phosphorus and carbon atoms [40] , an observation that implies that the BP nanotube can move away from the capped CNT without damage. However, our results showed that a BP nanotube formed on a CNT needs to satisfy a length constraint, i.e., the length of the ribbon must be ∼2.1 nm longer than the circumferential perimeter of the CNT. A shorter BP ribbon attracted by a CNT cannot form a closed tube. If it is longer, the BP ribbon will become a nanoscroll when wound upon the CNT.
In an in situ experiment, it is difficult to prepare a BP ribbon with a length that accurately matches a given CNT, or vice versa. In this study, we present a new approach for fabricating a nanoring from a rectangular BP ribbon on a movable CNT bundle. With this method, the preparation of the BP ribbon is independent of the length of the ribbon.
Models and methodology

Models
When the initial configuration of the system is chosen as shown in figure 1 , the perfect length of the BP ribbon can be defined. A BP ribbon of the so-called perfect length means that the ribbon can cover one circuit of the CNTs. On the other hand, the length of the BP ribbon should be an integral multiple of L 0 . Hence, the definition of perfect length reads
where r CNT is the radius of the CNTs, n is the number of CNTs in the bundle. In the present study, n=2 or 3. σ C-P and σ C-C are the equilibrium distances between CNT and BP/CNT, respectively. Their values can be found in table 2.
As the radius of CNT can be larger or more CNTs can be involved, the number of N might not be unique. For example, for a 3-a-type model, the length of the BP ribbon with N=39 or 40 can be considered a perfect length. Clearly, a BP ribbon with a shorter length than the perfect length cannot entirely cover the CNTs, whereas a longer ribbon contains a portion of self-overlap after it covers the CNTs. The length of BP ribbon influences the motion scheme of the CNTs during the formation of a BP ring from the ribbon.
Methodology
A molecular dynamics (MD) approach is used for obtaining the response of the composite systems investigated. The MD simulations are fulfilled by way of the open source code LAMMPS [41] . In each simulation, interactions among atoms are estimated through the use of empirical potentials. For instance, the interaction between carbon and/or hydrogen atoms in a CNT is estimated by the AIREBO potential [42] . The bonding action among neighbor phosphorus atoms is considered using the Stillinger-Weber potential [43] with the parameters presented by Jiang [44] . The non-bonding interaction among phosphorus and phosphorus/carbon atoms is described by the 12-6 Lennard-Jones potential [45] , i.e., between atom i and atom j, the potential can be expressed as
where r ij is the spatial distance between atom i and atom j. Other parameters of carbon, hydrogen, and phosphorus atoms are listed in table 2.
The flowchart of a simulation contains the following steps:
Step 1: build CNTs and BP ribbons. Arrange CNTs parallel and locate the left end of a BP ribbon under the right bottom of CNT1 (in 2-a-type model) or CNT2 (in 3-a/b-type model) for a distance of less than 1 nm. Commonly, the distance is about 0.34 nm;
Step 2: fix the ends of the CNTs and the right end of the BP ribbon. Put the system under the canonical NVT ensemble with T=8 K for 1000 ps;
Step 3: after relaxation, release the right end of the BP ribbon;
Step 4: when the system is in a stable state, begin to move one or more CNTs in the system to the specified location along the x-direction. During that period, the configuration of the BP ribbon/scroll changes correspondingly;
Step 5: stop moving CNTs and begin postprocessing. In the simulation, the time step for the integral of Newton's second law of motion is set to be 0.001 ps.
Potential energy of the system
It is known that a BP ribbon can be wound easily along the armchair direction [24] [25] [26] . The parameters shown in table 2 also indicate that the attraction between carbon and phosphorus atoms is stronger than that between two carbon atoms. Hence, when we release the right end of BP, it will be attracted and quickly wound upon the CNT bundle. During the same period, the surface energy of the system drops quickly. In general, it is difficult for the BP ribbon being wound onto the CNT to form an ideal ring, i.e., the two ends of the BP ribbon are covalently bonded, leading to a sharp drop in potential energy of the ribbon (or system). In that case, a possible strategy that can be adopted is to move one or more CNTs in the bundle to produce other opportunities for forming an ideal BP ring. The current CNTs are arranged in a balanced state. Hence, moving a CNT must lead to an increase in the potential energy of the system. Besides, the motion also leads to further deformation of the BP ribbon, which implies that the potential energy of the ribbon changes simultaneously. Therefore, if we follow the tracks of the variation of potential energy of the system or its components, the variation of the configuration of the system can be adjusted accordingly. Considering this reason, we choose four typical phenomena that can lead to obvious variations in the potential energy of the system. Figure 1 . Schematic of geometric model of a system containing one black phosphorus (BP) nanoribbon and a CNT bundle. The parallel carbon nanotubes (CNT) in the bundle are hydrogenated at the ends. L BP and W BP are the length and width of the BP ribbon, respectively. W BP =∼2.32 nm. L 0 =∼0.44 nm, which is the unit length of the ribbon along the armchair direction. For forming an ideal BP nanotube, N is an integer. All the tubes have the same chirality and the same length of L CNT =∼7.748 nm (without considering C-H bonds). The initial value of the surface distance between two neighboring CNTs, labeled S 12 or S 23 , is ∼0.34 nm (equilibrium distance). (a) Two CNTs with an a-type layout BP ribbon, a 2-a-type model, in which the P atoms at the left edge of ribbon is closer to CNT; (b) a 3-a-type model, in which the P atoms at the left edge of BP ribbon is not closer to CNT; (c) a 3-b-type model. In this study, CNTs (13, 13) are used. (a) Attraction between the BP ribbon and CNT bundle In this case, the potential energy of the system varies for two major reasons. One reason is the interaction energy between the ribbon and the bundle: 
where N c is the total number of carbon atoms on each CNT, and N p is the total number of phosphorus atoms. Considering the cutoff being equal to 1.02 nm in simulation, most phosphorus atoms have an influence on the value of Π P-C at the initial stage. During winding of the BP ribbon onto the CNT bundle, the value of Π P-C varies dramatically, i.e., the distances between phosphorus atoms and carbon atoms decrease quickly. The second reason is the deformation of the BP ribbon from the initial straight ribbon to the current curved one. The deformation-induced potential energy can be calculated using the equation:
Tens Tens
where W Bend and W Tens are the bending stiffness and tensile stiffness, respectively, of the ribbon when curving along the armchair direction. ρ is the radius of the local curvature of the homogenized BP ribbon, which is approximately equal to (r CNT +σ C-P +0.5d BP ) when it attaches tightly onto a CNT. ε Tens is the local tensile strain of the BP ribbon along the armchair direction. Only when the ribbon is pulled by a moving CNT at high speed does the second item in equation (4) become obvious. (b) Self-overlap of the BP ribbon When the length of the BP ribbon is greater than the perfect length, a certain area near one end of the ribbon must be covered (overlap) by an area near the other end of the ribbon. From table 2, the surface distance between two attached ribbons is ∼0.3438 nm. Hence, the two parts within the overlap area must have the following interaction energy:
where M p is the number of phosphorus atoms within the cutoff neighborhood of the overlap length of the BP ribbon. Clearly, a longer self-overlap of the ribbon has a higher value of M p , leading to a lower value of Π P-P . (c) Generation or breakage of P-P bonds
As the C-C bond is far stronger than the P-P bond, perfect CNTs will remain undamaged during moving or being wound by the BP ribbon. Besides, the ends of the CNTs are hydrogenated, i.e., all carbon atoms are saturated. Hence, no C-P covalent bond is being generated. When the CNTs are entwined by the BP ribbon, moving a CNT at high speed may lead to breakage of the ribbon. Data reported in [46] indicated that each new P-P bond being generated will lead to a loss of ∼0.66 eV of potential energy. In this case, the change in the number of P-P bonds in the ribbon determines the increment of the potential energy of the ribbon, i.e., N 0.66 , 6
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where N nb can be considered the variation of the number of P-P bonds in the BP ribbon. When the ribbon is broken, N nb is negative. If an ideal ring is formed from the ribbon, N nb is positive, e.g., 7 in the present study. Otherwise, N nb =0. 
Hence, moving one CNT away from the CNT bundle will result in an increase in Π C-C . When the distance between the moving CNT and the bundle is longer than the cutoff (1.02 nm), the value of the first item of Π C-C becomes zero for n=2 or half of the current value for n=3. The second item of equation (1) represents the potential energy caused by deformation of the CNTs, which is the difference between the current potential energy of the deformed CNTs and the initial ideal CNTs.
Generally, moving a CNT away can also lead to variation of the potential energy in the previous three cases. Hence, all the cases should be considered simultaneously. The variation of the potential energy of the system can be expressed as
which is the difference between the total potential energy of the system at time t and t 0 . Equation (8) is significant for identifying the state of the system, i.e., the lower the ΔPE, the more stable the system.
Numerical tests and discussion
In the following experiments, the initial configuration of a system is obtained by full relaxation of the model shown in figure 1 . In relaxation, the boundary conditions have two major aspects. One is that the atoms in the column of phosphorus at the right end of the BP ribbon are fixed. The other is that the atoms within 0.5 nm of the end of each CNT are fixed. When a CNT is moved, the velocities of the atoms previously fixed are set to be identical along the specified direction.
3.1. Possible way to form an ideal BP ring from a short BP ribbon on CNTs
Here we choose a BP ribbon with the perfect length when winding upon a 2-a-type model (movie 1 is available online at stacks.iop.org/NANO/28/385603/mmedia). The history of ΔPE of the system, i.e., the increment of the potential energy of the system, is shown in figure 2(a) , together with four typical snapshots. From the configuration of the system at 93 ps, the two ends of the BP ribbon are not covalently bonded (see the upper-left insert in figure 2(a) ). The reason is that the end with green atoms is attracted and trapped at the corner between CNT1 and CNT2. Hence, the other end (with yellow atoms) has no opportunity to be covalently bonded with it. The results in figure 2(a) indicate that a BP ribbon with perfect length cannot form an ideal ring without moving any CNT in the CNT bundle entwined by the wound ribbon. Now, we choose the same BP with N=29 winding upon a 3-a-type model. As shown in figure 2(b) , the BP ribbon cannot form an ideal ring here, either. During winding of the ribbon (movie 2), the ΔPE of each component experiences a different drop. For instance, the ΔPE of CNT1 drops 4.1 eV only, far less than that of the BP ribbon (i.e., 15.2 eV). The reason is that the BP ribbon is attracted to the CNT bundle and only part of CNT1 and the ribbon are attached. CNT2 and CNT3 experience the same drop in potential energy. From the curve of the ΔPE of system, the configuration at 100 ps can be considered as a stable state of the system. This outcome also implies that the winding process needs only ∼100 ps.
From the snapshot at 100 ps in figure 2(b) , we find that the green end of the BP ribbon is also trapped at the corner between CNT1 and CNT2. Now we adopt two approaches to move a CNT in the CNT bundle to determine whether that can induce an ideal ring from the ribbon. First, CNT3 is moved right at a constant speed of 10 m s −1 . From the snapshots in figure 3(a) , we find that the lower green end of the BP ribbon does not move until the upper yellow end of the ribbon is separated from CNT2 (mid CNT). Hence, the attraction of the corner between CNT1 and CNT2 on the green end is much stronger than that on the other end of the ribbon. When the upper end of the ribbon leaves CNT2, it quickly attaches to the mid part of the ribbon. The attraction between the upper yellow end and the mid part of the ribbon is stronger than that between the green end and CNTs, a phenomenon that can be explained simply, e.g., σ P-P >σ P-C in table 2. The fluctuation of the ΔPE of the system is actually caused by the swinging of the cantilever part of the BP ribbon (movie 3). This property is significant to the present approach for forming an ideal ring from the BP ribbon. If the attraction between phosphorus and carbon atoms is stronger, CNT3 cannot carry the ribbon away after 93 ps. The ribbon is attracted and attached to CNT1 and CNT2, as shown in figure 2(a) .
The second approach is to move CNT1 to the left at a constant speed of 10 m s −1 . As shown in figure 3(b) , in the initial stage, the lower green end of the BP ribbon at first crosses the gap between CNT1 and CNT2, due to the strong attraction (e.g., the snapshot at 50 ps). In the second stage, the lower green end attaches to the ribbon while the upper end is still attracted to CNT1 (e.g., the snapshot at 105 ps). In the final stage, the two ends of the ribbon are covalently bonded together and an ideal ring is formed when the attraction of CNT1 to the ribbon decreases quickly (movie 4). This variation of the system configuration can also be verified from the curves of ΔPE of components in figure 3(b) , e.g., the moving away of CNT1 leads to an increase in the ΔPE of 8.1 eV. The ΔPE of CNT3 tends to be zero because its state experiences very little change. The ΔPE of CNT2 decreases by about 3 eV because of the expansion of the overlap with the BP ribbon/ring. The ΔPE of the BP is ∼−1.25 eV, indicating that covalent bonds are formed (see the snapshot at 119 ps). The reason is that the local configuration at the joint of the two adjacent ends of the ribbon/ring experiences a small change, implying that there is a slight change in the non-covalent bonding interaction. The sharp drop of potential energy is caused by the formation of covalent bonds between the two ends.
By comparing the final configurations of the system in figures 2(a) and 3(b), we find that an ideal BP ring can be obtained if neither end of the ribbon is trapped at the corner of two neighboring CNTs in the bundle. Hence, the essential step in forming a ring is to drag one of the neighboring CNTs away to allow both ends of the ribbon the opportunity to be united. Figure 3 shows that the two curves with respect to 'system' and 'BP' fluctuate almost synchronously. This finding indicates that the variation of the ΔPE of the BP ribbon can also be shown by the variation of the ΔPE of the system. Hence, in the following analysis, we present the histories of the ΔPE of the system only. If necessary, both curves are given simultaneously.
Forming an ideal ring from a BP ribbon with perfect length
From the above discussion, we know that an ideal ring can be formed from a BP ribbon based on two conditions: (1) at least one CNT is able to move away, and (2) no end of the ribbon is trapped in a corner of neighboring CNTs. Hence, in the CNT bundle, the number of tubes should be equal to and greater than 3. Meanwhile, the length of the ribbon in the above numerical experiments is shorter than the perfect length of the BP ribbon in a 3-a/b-type model. If, for example, the length of the BP ribbon is very close to the perfect length, e.g., N=39 or 40, how can we form an ideal ring from the ribbon?
Before moving a CNT in the 3-tube bundle, we observe the self-winding processes of the ribbon with N=39 in both the 3-a-type and 3-b-type models. Figure 4(a) shows that no BP ring is formed from the ribbon, for the same reason as in the 2-a-type model. If we rotate the ribbon by 180°along the x-direction to change the 3-a-type model into a 3-b-type model ( figure 4(b) ), the final configuration of the system is a ring, as also verifiable by either the local configuration of the ribbon's joining of its two ends or the sharp drop in the ΔPE value of the system during [145, 155] ps (movie 5). However, this ring is not ideal, as the red phosphorus atoms should be distributed periodically over the whole ring. In the formation of an ideal ring this case should be avoided.
When a BP ribbon with N=40 is used in the experiments, as shown in figure 5(a) , the two ends of the BP ribbon overlap at 158 ps, rather than bonding together. Considering the equilibrium distance between the ribbon and CNTs, one CNT is now moved away with a specified displacement to see whether the ribbon can form an ideal ring. For example, by moving CNT1 0.45 nm to left (left insertion in figure 5(b) ), the lower green end of the ribbon enters the gap between CNT1 and CNT2, and attaches to the mid part of the ribbon. The situation is similar to that in figure 3(b) at 80 ps. On the other hand, if we move CNT3 0.45 nm to the right (right insertion in figure 5(b) ), the final configuration of the system is similar to the initial configuration shown in figure 3(b) . Can the ribbon in figure 5(b) form an ideal ring if we move CNT1 or CNT3 away? To answer this question, we carry out tests with complex movements of CNTs, as shown in figure 6 . First, we move CNT1 0.45 nm to the left. Second, we stop the motion of CNT and begin 500 ps of relaxation. The configuration at 545 ps is similar to that at 60 ps shown in figure 5(b) . Third, after relaxation, we move CNT3 by 1.85 nm and stop it at 730 ps. During this period, the lower green end of the ribbon stays still, while the upper yellow end approaches the lower end due to the tension from CNT3. Finally, we begin further motion of CNT1 at a speed of 10 m s −1 . As CNT1 moves gradually away, the attraction reduces continuously. Meanwhile, the attraction of CNT2 and CNT3 on the mid part of the ribbon becomes stronger, leading to concavity of the ribbon between CNT2 and CNT3. Fortunately, the upper end does not separate from the lower end during this period, and the two ends are bonded together to form an ideal ring (at 789 ps) (movie 6).
In the above process of forming an ideal ring from the BP ribbon, the mid CNT, i.e., CNT2, does not move. The major role of the mid CNT is to attract both ends of the ribbon simultaneously. Attachment of the lower end onto the mid part of the BP ribbon develops due to the strong attraction by the mid CNT. In this situation, further motion of the right CNT, i.e., CNT3, can draw together both ends of the ribbon. From this finding, we conclude that a long BP ribbon can turn into an ideal ring by the following steps. First, use a CNT bundle with larger perimeter to attract the ribbon. Second, locate the mid CNT, which does not move in whole operation. Third, move CNTs at the left or right of the mid CNT to allow one end of the ribbon to attach to the rest of the ribbon. Finally, generate further motion on either left or right CNTs to allow both ends of the ribbon to join.
Forming an ideal ring from a longer BP ribbon
In the above discussion, the self-overlap of the BP ribbon is very small. Sometimes, in a prepared BP sample, its length may be obviously greater than the perfect length with respect to the CNT bundle involved in the experiment. For example, a BP ribbon with N=55 is placed near a 3-tube bundle as shown in figure 7 . Can this ribbon form an ideal ring? Before answering this question, we move only one CNT at different speeds to test whether the BP ribbon breaks. As we know, the speed of moving a probe in transmission electron microscopy is far less than 10 m s −1 . The reason for adopting a high speed is to save computational cost. From the results in figure 8 , we find that the ribbon does not break when either CNT1 or CNT3 is moved at the speed of 10 m s −1 . However, the ribbon breaks if the speed of CNT1 or CNT3 is 50 m s −1 . Hence, the speed of 10 m s −1 is used in this study to avoid unexpected results. In this numerical experiment of forming a ring from the BP ribbon with N=55, we choose two schemes of motion of CNTs. Before moving the CNTs, the system has stable configuration, i.e., the snapshot at 315 ps in figure 7 , is used as the initial state. In each motion, the speed of a CNT is 10 m s −1 . The details of the two schemes are as follows:
Scheme 1: (I) fix both CNT1 and CNT2, move CNT3 with a displacement to the right for 5.0 nm, and stop; (II) fix . In step 1, fix both CNT2 and CNT3, move CNT1 0.45 nm to the left (stops at 45 ps); in step 2, fix all CNTs and relax the system for 500 ps (stops at 545 ps); in step 3, fix both CNT1 and CNT2, move CNT3 1.85 nm to the right (stops at 730 ps); in step 4, fix both CNT2 and CNT3, move CNT1 1.0 nm to the left (stops at 830 ps). both CNT2 and CNT3, move CNT1 to the left without stopping; Scheme 2: (I) fix both CNT1 and CNT2, move CNT3 to the right for 3.3 nm, and stop; (II) fix both CNT2 and CNT3, move CNT1 to the left for 3.3 nm, and stop; (III) fix both CNT1 and CNT2, move CNT3 to the right for 1.5 nm, and stop.
In scheme 1, the displacement of CNT3 is chosen to be 5 nm according to the geometry of the system and equation (1) . For example, if BP tends to be a ring wrapped around two CNTs, e.g., CNT2 and CNT3, the strong attraction between the upper and lower mid parts of BP should be considered (the snapshot at 424 ps in figure 9(a) ). Making use of the radii of the CNTs, their surface distance S 23 (see figure 1(a) ), and the equilibrium distance between BP and CNT (∼0.34 nm in table 2), we estimate that a BP with the length of 23.998 nm (see BP 4 with N=55 in table 1) has high probability of forming an ideal ring when S 23 =∼5.3 nm (∼5.0+0.34). Before using this scheme to form a ring, one should know accurately the length of the BP. That is a drawback of this approach. In figure 9(a) , the ΔPE history of the system with the first motion scheme is shown together with some typical snapshots of the system. During the movement of CNT3, the lower end of the BP is always . Figure 9 . Histories of the potential energy variation of the 3-a-type system with a BP ribbon of N=55, and two motion schemes of CNTs. attracted at the corner between CNT1 and CNT2. Due to the strong attraction of the corner, the rest of the BP slides on the CNTs. After 500 ps of motion of CNT3, the two ends of BP are separated by CNT1 and CNT2, and the mid parts of BP attach to each other. When CNT3 moves, at 810 ps, the attraction of CNT1 to the upper end of the BP ribbon is weaker than that of CNT2. Hence, the upper end of the BP ribbon is attracted and rapidly approaches the lower end of the BP ribbon. At 814 ps, an ideal ring is formed from the BP ribbon when the two ends are bonded together, as can be judged by the sharp drop in the ΔPE curve between 810 and 814 ps.
In scheme 2, the surface distance between two neighboring CNTs, i.e., S 12 and S 23 , is set at ∼3.6 nm (3.3+0.34). Actually, the value is variable, because the purpose of moving CNT1 and CNT3 away is to reduce the overlap length of BP attracted onto CNT1. The third step, i.e., moving CNT3 further, needs accurate motion control of CNT3 during an in situ experiment, because a greater displacement of CNT3 will lead to larger gap between both ends of the BP ribbon and further result in failure to form a ring. Figure 9(b) gives the ΔPE history of the system with the second motion scheme. During the first 140 ps, the value of ΔPE increases continuously due to the overlap reduction of the BP itself and the decrease of interaction between CNT3 and CNT2. At 330 ps, the two ends of the BP are very close, unlike the previous position ( figure 5(b) ) where the two ends overlap rather bond together. By stopping CNT3 and moving CNT1 to the left for 3.3 nm, the upper end of the BP ribbon is still attracted onto CNT1 with small overlap. From our previous discussion ( figure 3(a) ) we know that the upper side of the BP ribbon, the configuration of the system at 750 ps is stable if all the CNTs are fixed. In this situation, we fix CNT1 and CNT2, and move CNT3. The overlap length of the mid parts of the BP ribbon increases with the decrease in the upper end part of the BP ribbon (movie 7). When the unsaturated phosphorus atoms at both ends of the BP ribbon are bonded together at 866 ps, the BP ring is finally formed.
Conclusions
To form an ideal ring from a rectangular BP ribbon on a CNT bundle, we investigate factors including length of the BP ribbon, layout type of the BP ribbon, and motion schemes for the CNTs that affect the formation of a nanoring. In numerical experiments in particular, in accordance with the perfect length of the BP ribbon, we choose three types of BP ribbon with lengths shorter than, longer than, and equal to the perfect length. In a 3-a-type model, an ideal ring can be formed from a ribbon with the length close to the perfect length. In summary, the following conclusions are drawn for potential applications:
(1) a BP ribbon with the perfect length cannot form an ideal ring without moving any CNT away from the CNT bundle;
(2) a BP ribbon with the perfect length can form a non-ideal ring in a 3-b-type model. If specifically an ideal ring is required, we must carefully create the initial layout of the BP ribbon; (3) there should be at least three CNTs in the bundle, among which a mid CNT is fixed to attract the two ends of the BP ribbon; (4) if an end of the BP ribbon becomes trapped at a corner between two neighboring fixed CNTs, it will not be possible for both ends to bond together; (5) when the mid CNT has been chosen, it is essential to move either the left or the right CNTs to reduce the distance between the two ends of the BP ribbon.
Complex motion of the CNTs is preferable for forming a BP ring from the ribbon.
